The Monte Carlo generator Prophecy4f provides a PROPer description of the Higgs dECaY into 4 Fermions within the Standard Model, the Standard Model with a fourth fermion generation, a simple Higgs-singlet extension of the Standard Model, and the Two-Higgs-Doublet Model. The fully differential predictions include the full QCD and electroweak next-to-leading-order corrections, all interference contributions between different WW/ZZ channels, and all off-shell effects of intermediate W/Z bosons. Prophecy4f computes the inclusive partial decay widths and allows for the computation of binned differential distributions of the decay products. For leptonic final states also unweighted events are provided. Program Title: Prophecy4f, version 3.0 Journal Reference: Catalogue identifier: Licensing provisions: none Programming language: Fortran 77, Fortran 95 Computer: Any computer with a Fortran 95 compiler Operating system: Linux, Mac OS RAM: less than 1 GB
Introduction
Presently, one of the main objectives of the experiments at CERN's Large Hadron Collider (LHC) is the precise investigation of the Higgs boson. Pinning down its nature and searching for deviations from the predictions of the Standard Model (SM) requires precise theoretical predictions. In a coordinated effort between the theory community and the LHC experiments, theoretical predictions and recommendations are compiled by the LHC Higgs Cross Section Working Group (LHCHXSWG) [8] [9] [10] [11] .
A crucial role for the accurate investigation of the properties of the Higgs boson is played by the Higgs branching ratios and decay widths. The SM Higgs-boson branching ratios used by the LHC experiments are provided by the LHCHXSWG [8] [9] [10] [11] based on the codes HDECAY [12] [13] [14] for the two-particle decays and Prophecy4f [1] [2] [3] for the Higgs decays into four fermions. While both codes were initially constructed for the SM, they have been extended to models beyond. Recent versions [14, 15] of HDECAY include the SM with four generations of fermions, a general Two-Higgs-Doublet Model (THDM), and the minimal supersymmetric Standard Model (MSSM). Moreover, an extension to the SM effective field theory exists [16] .
Prophecy4f is a state-of-the-art tool to predict the SM Higgs-boson decay widths into four arbitrary fermions (i.e. quarks or leptons) via W and/or Z pairs, including full electroweak (EW) and QCD next-to-leading order (NLO) corrections. These processes have played a central role in the discovery of the Higgs boson, and are very important channels in Higgs coupling analyses (see Refs. [10, 11] and references therein). Originally, Prophecy4f had been designed for Higgs-boson decays in the SM, but in recent years it has been extended to the Standard Model with a fourth fermion generation and to the corresponding decays of CP-even, neutral Higgs bosons in the THDM [17, 18] and in a simple Higgs-singlet extension of the SM (SESM) [19] [20] [21] , as described in Refs. [24] , [4, 5] , and [6] , respectively. As a particular strength of our THDM and SESM implementations, Prophecy4f supports many different renormalization schemes, even different types of schemes based on MS, on-shell, or symmetry-inspired renormalization conditions [7] . This allows for an assessment of uncertainties in predictions due to residual renormalization scale and renormalization scheme dependences. We consider this feature important, since many examples in the literature have shown that individual renormalization schemes might produce unreliable results in specific regions of parameter space of model extensions (see, e.g., Refs. [4, 5, 7] for such examples of H → 4f decays in the THDM). On the technical side, the internal library of Prophecy4f for one-loop integrals is now replaced by the public integral library Collier [22, 23] .
An alternative to Prophecy4f for the simulation of the SM Higgs-boson decays into four charged leptons is the Monte Carlo event generator Hto4L [25] . Besides the complete NLO EW corrections, it includes also multiplephoton effects in a matched-to-NLO Parton Shower framework. The SM results of Hto4L are fully equivalent to those of Prophecy4f for the inclusive partial decay widths and branching ratios. The effects of multi-photon emissions on distributions provided by Hto4L are typically below one percent. The code Hto4L has been extended to the SM effective field theory [26] .
The purpose of this paper is to describe version 3.0 of Prophecy4f including all of its extensions and to document its use. This paper is organized as follows: In Section 2 we describe the basic features of Prophecy4f and highlight some important details. Section 3 provides all information how to use and run the code, and Section 4 describes the output of the code and the sample runs. Concluding remarks are contained in Section 5.
Prophecy4f description
Prophecy4f provides predictions for decays of on-shell Higgs bosons via a pair of virtual W/Z bosons into four fermions in the SM, the SM with a fourth fermion generation, a simple Higgs-singlet extension of the SM, and the Two-Higgs-Doublet Model. External fermions are considered in the massless limit. In the non-standard models, Prophecy4f only deals with the decays of the CP-even, neutral Higgs bosons, and possible fourfermion decay channels via Higgs-boson pairs are not considered (in line with the massless limit of the external fermions). Prophecy4f produces fully differential predictions in the Higgs-boson rest frame, including the full QCD and electroweak next-to-leading-order corrections, all interference contributions between different WW/ZZ channels at leading order (LO) and NLO, and all off-shell effects of intermediate W/Z bosons. For decays within the SM also an improved Born approximation (IBA) is implemented.
Process definition
The considered processes are of the form
where the momenta are indicated in parentheses. The generic LO Feynman diagram is shown in Fig. 1 
EW input-parameter scheme
For the electromagnetic coupling constant, we use the G F scheme, i.e. the coupling constant α is derived from the Fermi constant according to
This procedure takes into account some higher-order effects, related to the running of the electromagnetic coupling and to the ρ parameter, already at tree level.
Complex-mass scheme, input masses and widths
Gauge-boson resonances are treated using the complex-mass scheme [27, 28] , i.e. all corresponding decay and off-shell effects are supported at NLO accuracy in the full phase space. As input, the program expects the on-shell W/Z masses and widths. From these it calculates internally the real parts of the complex pole masses using
The imaginary parts of the complex pole masses, i.e. the vector-boson widths are calculated as described below. These pole masses are then used in propagators, the complex weak mixing angle, and other couplings for the evaluation of the Higgs-boson decays. The decay widths of the W and Z bosons that enter the complex pole masses are calculated from the pole masses and the other input parameters as follows: If only LO results are requested, the LO widths are used. For NLO results and the IBA we employ the NLO widths (also for the LO subcontribution). This ensures that the effective branching fractions for the Wand Z-boson decays in both LO and NLO add up to one.
Since the NLO W and Z widths in the SESM and the THDM are almost identical to the corresponding SM NLO widths, the SM widths are used employing a SM Higgs mass set to the mass of the decaying Higgs boson.
Total width
The total width is calculated according to
with
The total width can be split into decays via ZZ, WW and the interference,
where the individual terms are defined in terms of partial widths with specific final states as
Extended Higgs models
The conventions for the implementation of the SESM and THDM in Pro-phecy4f follow Ref. [7] , where the Higgs potentials are specified and the renormalized parameters are defined. More details on the SESM, though with slightly different conventions, can be found in Refs. [6, 29] , and more details on the THDM are provided in Refs. [4, 5, 29, 30] . The renormalization of mixing angles in extended Higgs sectors has recently been studied by various authors both in the SESM [6, 29, 31, 32] and the THDM [4, 29, 30, [33] [34] [35] [36] . Prophecy4f employs various renormalization schemes as defined in Refs. [4, 5, 7] .
The renormalization schemes are defined via the choice of renormalization conditions. In particular, MS schemes depend on the choice of the renormalized parameters, e.g. whether a mixing angle (α, β) or a coupling (λ 12 , λ 1 , . . . ) is used for renormalization, and in addition on the treatment of tadpoles. The renormalization schemes used in Prophecy4f are based on the tadpole schemes of Refs. [37] and [38] dubbed FJTS and PRTS, respectively, in Ref. [7] . More details on these tadpole schemes can be found in Refs. [7, 30] .
For a comparison of predictions based on different renormalization schemes, a conversion of renormalized input parameters is needed. Pro-phecy4f automatically provides this conversion and the running of MS parameters based on the values for the scale of the input parameters (start renormalization scale) and the scale of the parameters used in the calculation (target renormalization scale). In particular, this can be used to evaluate the renormalization-scale variation with respect to parameters of the extended Higgs sectors renormalized in the MS scheme (which is unrelated to the scale dependence of α s ). More details on the parameter conversion can be found in Refs. [4, 6, 7] .
The usage of Prophecy4f

Prophecy4f installation
Prophecy4f has been tested under various different Linux distributions and MAC OS. It should be compilable with any standard Fortran compiler and has been successfully tested using GNU Fortran (GCC), the Intel Fortran Compiler, and Intel's MPI for parallel execution.
Prophecy4f depends on Collier [22, 23, [39] [40] [41] for the evaluation of loop integrals. The Collier library (libcollier.so or libcollier.a for dynamic or static linking, respectively) can be compiled following the Collier instructions [22] .
For installation, download Prophecy4f from HEPForge [42] and issue tar -xzvf Prophecy4f-3.0.tar.gz cd Prophecy4f-3.0 make COLLIERDIR=path FC=compiler from the command line where path has to be the path to the Collier library and FC is an optional argument that allows to use the Fortran compiler compiler instead of the default one. Both variables COLLIERDIR and FC can also be set in the makefile. The make command generates the executable ./Prophecy4f. The Prophecy4f directory contains the README-3.0 file as a manual and a default input file defaultinput. The source code is contained in the subdirectory src, and several example runs can be found in the subdirectory example-runs. The subdirectories HISTOGRAMS, HISTUNWEIGHTED, and UNWEIGHTEDEVENTS are empty and are used at runtime to store the results as discussed in Section 4.1. The empty subdirectory obj is used to store the object files after compilation.
Prophecy4f execution
Prophecy4f is executed using
where the file inputfile specifies all the input for the current run. If no input file is provided via standard input, Prophecy4f does not start. Output is written to standard output. If an output file is specified in the input file, most output is redirected to the output file. Note that the path to the Collier library has to be known (e.g. by including it in the LD LIBRARY PATH variable) if the dynamic library is linked. The general format of the input file is given in the default input file defaultinput and the input files of the subdirectories containing the example runs. While defaultinput specifies all relevant parameters, it is sufficient to specify those values that differ from the default. As a general remark, do not forget the d0 after double precision quantities.
Prophecy4f input
In the following sections, all input options for Prophecy4f are discussed along with the underlying physics. We follow the structure of the default input file defaultinput which is provided with the Prophecy4f distribution.
Input for calculations within the SM
In this section, we discuss all the input that is necessary for predictions within the Standard Model:
outputfile: a character string that specifies the name of the output file.
outputfile=' '
: For a blank character string (default) all output is written to standard output. outputfile='filename' : Any other string usable as a file name redirects the output to a file with the given filename.
The plot data will be written to files named plot.* in directory HISTOGRAMS. The string plot is replaced by the file name of the output file if provided. Unweighted events are written to the directory UNWEIGHTEDEVENTS (*.lhe files) in the same manner. To allow for consistency checks, unweighted events are also binned into distributions written to the directory HISTUNWEIGHTED.
nevents: integer that selects the number of generated weighted events.
nevents=10000000 : is the default value.
We recommend to use at least 10 7 events for the integrated partial decay width, for histograms about 5 · 10 7 should be used.
nunwevents: integer that selects the number of unweighted events.
nunwevents=0 : is the default value, i.e. no unweighted events are produced.
The unweighted events are produced in the Les Houches event file format [46] after the generation of nevents weighted events to find the maximal weights used for unweighting. Unweighted events have weight 1 or very rarely weight −1. For nunwevents>0 one has to use qsoftcoll=2 (slicing, see below) and qrecomb=0 (no recombination, see below). For nunwevents>0 the two parameters are set accordingly.
model: integer that selects the model used for the calculation. Additional input that specifies the models beyond the Standard Model are discussed from Section 3.3.2 to Section 3.3.5.
contrib: integer that specifies how radiative corrections are included when calculating the partial decay width.
contrib=1 : best prediction including complete corrections, i.e. NLO corrections as defined by qqcd (see below) and some higher-order effects (default), contrib=2 : use the Improved Born Approximation (IBA) (see Ref. [1] for details), contrib=3 : calculate only leading-order result, i.e. no radiative corrections are included.
Note that the option contrib=2 is only available in the SM (model=0).
qqcd: integer that specifies whether to use only EW corrections, both EW and QCD corrections, or only QCD corrections.
qqcd=0 : only EW corrections are included, qqcd=1 : EW and QCD corrections are included (default), qqcd=2 : only QCD corrections are included.
Note that for purely leptonic final states only EW corrections contribute.
qsoftcoll: integer that specifies whether soft and collinear singularities are treated with the subtraction or the slicing method.
qsoftcoll=1 : the subtraction method is used (default), qsoftcoll=2 : the slicing method is used.
For calculations of partial decay widths, subtraction is the preferred option, while for the production of unweighted events slicing has to be used.
channel: string that specifies the final state for which the width is to be calculated.
channel= e anti-e mu anti-mu : is the default.
The final state has to be specified using e for the electron, mu for the muon, nue and num for the corresponding neutrinos, dq, uq, sq, cq for the down, up, strange, and charm quark, respectively, and the corresponding antiparticles, e.g. anti-e, anti-num, anti-dq, etc. The four final-state particles have to be separated by spaces. If more than one channel is specified by including several channel lines in the input file, Prophecy4f will calculate the different channels consecutively.
Since final-state fermions are treated in the massless limit, integrated partial widths usually do not differ between different generations of fermions. For example, the integrated partial decay width for H → e anti-e e anti-e is the same as for H → mu anti-mu mu anti-mu. Symmetric final states are an exception, here effects of identical particles are taken into account, i.e. H → e anti-e e anti-e is different from H → e anti-e mu anti-mu. Moreover, in distributions (or unweighted events) fermion-mass logarithms do show up if no photon recombination is applied, i.e. fermions of different generations will in general yield different results. Third generation fermions cannot be used as input. However, the partial widths including third generation particles like bottom quarks, tau leptons or tau neutrinos do not differ significantly in the massless approximation from those into fermions of the first and second generation, i.e. use e.g. H → mu anti-mu sq anti-sq to calculate the H → mu anti-mu bq anti-bq partial width. Top quarks in the final state are not supported. The old input format of Version 1.0 is also still supported.
In addition one can choose the special cases [see (5) and (7)]:
channel= total : the total width is calculated, channel= leptonic
: the leptonic width is calculated, channel= semi-leptonic : the semi-leptonic width is calculated, channel= hadronic
: the hadronic width is calculated, channel= WW : Γ H→W * W * →4f is calculated, channel= ZZ : Γ H→Z * Z * →4f is calculated, channel= interference : Γ WW/ZZ-interference is calculated.
If one of the above options is used, Prophecy4f calculates the necessary partial widths consecutively. For channel= total, also the results for channel= WW, channel= ZZ, and channel= interference are automatically calculated.
qrecomb: integer that specifies whether to use a recombination procedure.
qrecomb=0 : photons and fermions are not recombined, qrecomb=1 : the photon and the fermion with the smallest invariant mass are recombined if their invariant mass in GeV is smaller than invrecomb (see below), i.e. their 4momenta are added and attributed to the fermion (default).
Note that we cannot use a proper jet-algorithm for recombination since the lab frame of the Higgs decay is not specified; this would require the embedding of the Higgs decay process into a full production process. For inclusive partial widths recombination does not affect the result. Independent of qrecomb, we always recombine the two QCD partons with the smallest invariant mass in events with gluon emission to form two jets in semileptonic decays or four jets in hadronic decays. When producing unweighted events for leptonic final states one has to use qrecomb=0, in order to create the flexibility to perform the recombination on the event files after production.
invrecomb: double precision number that is used in the recombination procedure for qrecomb=1 (see above).
invrecomb=5d0 : is the default, i.e. the photon-fermion pair with the smallest invariant mass is recombined if the invariant mass is smaller than 5 GeV.
qrecombcolle: integer that specifies whether to use a specific recombination procedure for electrons.
qrecombcolle=0 : photons and electrons are not recombined inside the slicing cone, qrecombcolle=1 : photons and electrons are recombined inside the slicing cone if qsoftcoll=2 is used (see above), i.e. their 4-momenta are added and attributed to the fermion (default).
In the slicing approximation these recombined electron-photon pairs are strictly collinear. This option for recombination might be useful to avoid large fractions of negative unweighted events for electron final states. The idea is that photons and electrons are always recombined within a small cone in a physical analysis, i.e. electrons are used as dressed leptons in contrast to bare muons which can also be defined without recombination. The technical slicing cone should always be smaller than the physical cone size, so that this recombination is not in conflict with the physical treatment, i.e. the full flexibility of the unweighted event sample is not spoiled if dressed electrons are assumed. The internal slicing parameters are set so that the ratio of the energies of an unrecombined photon and the Higgs boson fulfils E γ /E H > δ E = 4 × 10 −4 and each angle between the three-momentum of an unrecombined photon and the three-momentum of any fermion is larger than ∆θ = 3 × 10 −2 . All quantities refer to the Higgs-boson rest frame.
randomseed: integer that specifies how random numbers are generated. randomseed = -1 : use internal random numbers as in Pro-phecy4f version 2.0 (default), randomseed ≥ 0 : use RANLUX [43] for random number generation, where randomseed is used as a seed for the random number generator to obtain statistically independent samples.
The following input parameters can be specified with double-precision values.
Here, we also state the corresponding default values:
mh = 125d0
: Higgs-boson mass in the SM or SM4 in GeV, alphas = 0.118d0
: strong coupling constant, gf = 1.1663787d-5
: Fermi constant G F in GeV −2 , mz = 91.1876d0
: on-shell Z-boson mass in GeV, mw = 80.385d0
: on-shell W-boson mass in GeV, gammaz = 2.4952d0
: on-shell Z-boson width in GeV, gammaw = 2.085d0
: on-shell W-boson width in GeV, me = 0.510998928d-3
: electron mass in GeV, mmu = 105.6583715d-3
: muon mass in GeV, mtau = 1.77682d0
: tau mass in GeV, md = 0.100d0
: d-quark mass in GeV, mu = 0.100d0
: u-quark mass in GeV, ms = 0.100d0 : s-quark mass in GeV, mc = 1.51d0
: c-quark mass in GeV, mb = 4.92d0
: b-quark mass in GeV, mt = 172.5d0
: t-quark mass in GeV.
The values of the fermion masses are needed, but the results are practically independent of the specific values in the α G F scheme for inclusive quantities. Only if photons and fermions are not recombined, logarithms of the fermion masses may appear in distributions.
The gauge-boson resonances are described in the complex-mass scheme as discussed in Section 2.3. The values of the on-shell gauge-boson masses and widths, as given in the input, are only used to calculate the pole masses of the gauge bosons according to (3) . For the actual evaluation of the Higgs decay, the gauge-boson widths are calculated from the gauge-boson pole masses and the remaining input as discussed in Section 2.3: If only LO results are requested (i.e. for contrib=3) the LO gauge-boson widths are used. For NLO results and the IBA (contrib=1 or contrib=2) we apply the NLO gaugeboson widths (also for the LO sub-contribution). Note that in Refs. [1] [2] [3] we have presented the LO results with NLO gauge-boson widths. At LO, the difference is, of course, only a higher-order effect.
In the SESM and the THDM, the NLO W and Z widths are almost identical to the corresponding SM NLO widths. Hence, the SM widths are used employing a SM Higgs mass set to the mass of the decaying Higgs boson.
Additional input for calculations within SM4
In Prophecy4f a 4th fermion generation of massive fermions can be optionally included upon setting model=4. In the following, we specify the additional input needed for a calculation in the model SM4. The following options have no effect unless model=4 is used.
qsm4: integer that specifies which corrections are included.
qsm4=1 : the full mass dependence of the additional closed fermion loops is taken into account at NLO, comprising the HWW/HZZ/HZA/HAA vertex corrections as well as all gauge-boson self-energies (default), qsm4=2 : in addition to the corrections used for qsm4=1, the leading corrections ∝ G 2 F m 4 f,4 and ∝ α s G F m 2 f,4 to the HVV vertices are taken in to account, which are taken from Refs. [44] and [45] , respectively. Here, m f,4 refers to the masses of the fourth generation fermions.
The masses of the two additional leptons and two additional quarks are specified as double precision numbers, stated in the following along with their default values: ml4 = 600d0 : mass of the charged lepton in the 4th generation, mn4 = 600d0 : mass of the neutrino in the 4th generation, md4 = 600d0 : mass of the down-type quark in the 4th generation, mu4 = 600d0 : mass of the up-type quark in the 4th generation.
Additional input for calculations within the SESM or THDM
Prophecy4f can perform calculations for the partial widths of the CPeven neutral Higgs bosons in the SESM (model=1) or the THDM (model=2). Here and in the following sections, we discuss the additional input for these models which is irrelevant for calculations within the SM or SM4.
First of all, one has to specify the Higgs boson in the initial state for which the calculation has to be performed:
hboson: string that specifies the decaying Higgs boson.
hboson=h0 : light Higgs boson in the SESM or THDM (default), hboson=hh : heavy Higgs boson in the SESM or THDM.
The SESM/THDM input parameters and the available renormalization schemes are discussed in the following sections. The SESM/THDM input parameters of MS type are defined at the renormalization scale mrenbsm1 in the renormalization scheme specified by renscheme and evolved to the renormalization scale mrenbsm2 by solving the renormalization group equations numerically. The corresponding parameters at the target scale mrenbsm2 are used in the calculation within the scheme renscheme. In particular, this can be used to evaluate the scale variation with respect to the BSM MS parameters (α s is not varied).
Additional input for calculations within the SESM
In this section, we discuss the input specific for the SESM (see Section 2.5). We follow the notation and the conventions of Ref. [7] . renscheme: integer that specifies the renormalization scheme for the input parameters. : mass of the heavy Higgs boson, l12 = 0.07d0
: coupling λ 12 .
The mixing angle α can vary in the range −π/2 < α < π/2. The line for setting ta is an alternative for defining the angle α; the parameter α, however, should only be set once. Our model parametrization requires the relation s α λ 12 ≥ 0 for consistency.
Additional input for calculations within the THDM
In this section, we discuss the input specific for the THDM (see Section 2.5). We follow the notation and the conventions of Ref. [7] . modeltype: integer that specifies the variant of the THDM, as defined in Ref. [5] . modeltype = 1 : type I: all fermions couple to Higgs doublet Φ 2 only (default), modeltype = 2 : type II: down-type fermions couple to Φ 1 , up-type fermions to Φ 2 , modeltype = 3 : lepton specific: quarks couple to Φ 2 , leptons to Φ 1 , modeltype = 4 : flipped: down-type quarks couple to Φ 1 , up-type quarks and charged leptons couple to Φ 2 .
renscheme: integer that specifies the renormalization scheme for the input parameters. The masses of the Higgs bosons, the mixing angles α, β, the additional Higgssector coupling λ 5 , and the renormalization scales have to be specified as double precision numbers, stated in the following along with their default values: mrenbsm1 = 361d0 : start renormalization scale for MS parameters (we usually use mrenbsm1=(mh0+mhh+ma0+2mhp)/5), mrenbsm2 = 361d0 : target renormalization scale for MS parameters (we usually use mrenbsm2=(mh0+mhh+ma0+2mhp)/5), sa = -0.355d0
: sin α, !ta = -0.380d0
: tan α, as alternative to define α !cba = 0.1d0 : cos(β − α), as alternative to define α !sgnsba = +1
: sgn[sin(β − α)], required if cba is input tb = 2d0
: tan β, !sb = 0.894d0 : sin(β), as alternative to define β, !cb = 0.447d0 : cos(β), as alternative to define β, mh0 = 125d0
: mass of the light CP-even Higgs boson, mhh = 300d0
: mass of the heavy CP-even Higgs boson, ma0 = 460d0
: mass of the CP-odd Higgs boson, mhp = 460d0
: mass of the charged Higgs boson, lam5 = -1.9d0
: coupling λ 5 .
The mixing angles α and β can vary in the ranges −π/2 < α < π/2 and 0 < β < π/2. The lines for setting sb and cb are alternatives for defining the angle β, the ones for setting ta and cba are alternatives for defining the angle α. Again the parameters α and β should only be set once. If cba is chosen as input, the parameter sgnsba has to be set as well, in order to define α uniquely.
Parallel execution using the MPI standard
Prophecy4f supports parallel execution using MPI. To use the parallel version, one has to compile the program using the preprocessor flag -Dmpiuse and make sure that proper MPI libraries are linked. The program will produce nevents weighted events in total and nunwevents unweighted events per core. The parallel version of Prophecy4f has been tested using Intel's Fortran compiler with Intel's MPI.
Prophecy4f output and sample runs
All output by Prophecy4f is written to standard output or the output file specified in the input. Information about the Collier library is always written to standard output and the Collier output directory. In the output, the model under consideration is given along with the initial-state Higgs boson and the four-fermion final state for which the partial width and corresponding differential distributions are calculated. The input parameters are listed along with derived parameters, in particular the gauge-boson pole masses and widths (see Section 3.3.1).
For the SESM and the THDM, also information to define the model input is given, i.e. the renormalization scheme and the renormalization scale (see Sections 3.3.4 and 3.3.5). For convenience, Prophecy4f also converts the employed model parameters to the corresponding values of the model parameters in other renormalization schemes, based on two different parameter conversion techniques (see Refs. [4] [5] [6] [7] ), and provides them in the output.
The relevant options, which are available as input (see Section 3.3.1), are also listed, in particular the number of requested events, the radiative corrections included in the calculation and the options for lepton-photon recombination.
During the Monte Carlo integration, Prophecy4f provides intermediate results for the integrated partial width under consideration which allows one to monitor the progress of the calculation.
Once the calculation is finished, the full result containing all radiative corrections is provided in the output along with an estimate of the Monte Carlo integration error. Subcontributions of the full result such as the LO result or the EW and QCD corrections are also given if they are included and non-zero.
If unweighted events are requested, the output includes information how many unweighted events have been already produced. After the production is finished, we include information if and how often the largest weight used for the unweighting procedure has been exceeded. If this number becomes large, the number of weighted events nevents should be increased. We also give the number of unweighted events with a negative weight. If this number exceeds a few percent for final states with electrons, one should consider to use qrecombcolle=1 (see Section 3.3.1).
If more than one final state is requested in the input file, Prophecy4f lists all requested channels at the beginning of the output. Then, the output for the different final states is provided consecutively as the calculation is performed in complete analogy to a run with only one final state. After finishing the calculation for all requested final states, a summary of all results is printed.
If channel=total, channel=leptonic, channel=semi-leptonic, or channel=hadronic is used to request the corresponding width of the Higgs boson, all required four-fermion final states are listed in the beginning. Output for each channel is created along with the calculation. In the end, the corresponding width is calculated according to Eqs. (4) and (5) . For channel=total, i.e. the Higgs-boson width for decays into all four-fermion final states, we additionally give the Higgs-boson width for the decays H → WW and H → ZZ along with the corresponding interference contribution as defined in Eq. (7).
Unweighted events
Unweighted events are written to the directory UNWEIGHTEDEVENTS in the Les Houches event file format (*.lhe) [46] . For each run, we provide Born-level unweighted events and unweighted events including radiative corrections. These files contain also the complete output in their headers. As a cross check the unweighted events are binned into distributions (see Section 4.2) and written to the directory HISTUNWEIGHTED. These histograms are equivalent to histograms obtained by binning the events in the *.lhe files accordingly.
Note that the unweighted events are not suitable for a subsequent partonshower simulation for multi-photon emissions from the Higgs-boson decay products. Showering the unweighted events provided by Prophecy4f would lead to a partial double counting of the photon-emission from the final-state leptons.
In unweighting runs with more than 10 6 unweighted events in a single run it is possible that fewer unweighted events are generated than requested. This is caused by a 32bit integer overflow and can be solved by using 64bit integers everywhere. The default size of all integers can be controlled using the following compiler options for the Fortran compiler: gfortran: -fdefault-integer-8 ifort: -integer-size 64
These options are the default in the supplied makefile.
Differential distributions
For leptonic or semi-leptonic final states, a few default histograms corresponding to the distributions presented in Refs. [1] [2] [3] are produced in the directory HISTOGRAMS. They can be modified in the subroutine create histo in the file src/public.F. There, a subroutine called histogram is called. Its first two parameters correspond to the range of the histogram, the third parameter to the variable of the distribution, and the number 50 refers to the number of bins. The output format of the histograms is detailed in the corresponding output files.
If one is interested in differential distributions it is not useful to specify more than one decay channel for a given Prophecy4f run. The results for one channel would be simply overwritten by the next channel.
By default, Prophecy4f provides histograms for invariant masses around the W-and Z-boson resonances. The invariant masses refer to the first two or the last two particles listed in the output for the final state under consideration, as indicated by the file names. Note that the particle ordering can vary between the input file and the output since particles are always ordered so that the first two and the last two particles correspond to the gauge-boson resonances. where m ij denotes the invariant mass of the fermion pair f ifj .
In addition, the following distributions are available, where again the particle numbering refers the to the final state as printed in the output and, for example, k 3 denotes the four-momentum of the third particle:
outputfile.cthv2f2
the cosine of the angle between (k 3 + k 4 ) and k 2 in the Higgs rest frame, see e.g. Fig. 12 in Ref. [3] (however, the particle numbering is different there), outputfile.cthv2f3 the cosine of the angle of k 3 with respect to (k 3 + k 4 ) in the (k 3 + k 4 ) rest frame, see e.g. Fig. 14 in Ref. [1] , outputfile.phitrf2f3 angle between particle 2 and 3 in the transverse plane according to Fig. 15 in Ref. [1] , outputfile.cthf1f3 the cosine of the angle between particle 1 and 3 according to Fig. 16 in Ref. [1] , outputfile.phi the angle between the decay planes according to Eq. (7.9) of Ref. [1] (only provided for fully leptonic final states), outputfile.cphihad the absolute value of the cosine of the angle between the decay planes (one plane spanned by particles 1 and 2, the second plane spanned by particles 3 and 4), as defined in Eq. (4.2) of Ref. [3] (only provided for semi-leptonic final states).
The present version of Prophecy4f does not provide histograms for hadronic final states.
Sample runs
Examples for input files and the resulting output are given in the directory example-runs. It contains subdirectories which are discussed in the following:
example-paper: This directory contains input files for the decay modes H → ZZ → e − e + µ − µ + , H → ZZ → e − e + e − e + , H → WW → ν e e + µ −ν µ , and H → WW → ν e e + e −ν e in the SM with Higgs masses of 140, 170, and 200 GeV for the input parameters of Ref. [1] . For reference the corresponding output files are provided in out.* and the histograms in the directory example-paper/HISTOGRAMS. The results for the WW-mediated channels differ by up to 0.5% from those given in Table 1 of Ref. [1] due to a bug in the renormalization of the (complex) Wboson mass which has been removed in the meanwhile. The ZZ-mediated channels give slightly different results from those in Refs. [1] [2] [3] since the topmass effects in the Z width calculation are treated in an improved manner in the recent version of Prophecy4f.
example-channels: This directory contains input and corresponding output files for all final states in the SM for a Higgs mass of 125 GeV for the default input parameter set.
example-unweighted: This directory contains input and corresponding output files for the production of unweighted events for leptonic final states in the SM, a Higgs mass of 125 GeV, and the default input parameter set along with the corresponding distributions. The files with the unweighted events are not part of the distribution due to their size.
example-SESM: This directory contains input files for the decay mode h → WW → ν µ µ + e −ν e of the light CP-even Higgs boson of the SESM scenario BHM200 of Refs. [6, 7] .
example-THDM: This directory contains input files for the decay mode h → WW → ν µ µ + e −ν e of the light CP-even Higgs boson of the THDM scenario Aa of Refs. [4, 5] , which is identical to A1 of Ref. [7] .
Conclusions
The Monte Carlo program Prophecy4f calculates predictions for Higgsboson decays into four-fermion final states via H → WW/ZZ → 4f including the full set of next-to-leading order corrections of the strong and electroweak interactions. In addition to predictions within the Standard Model, Pro-phecy4f provides the partial decay widths of the CP-even, neutral Higgs bosons in several extensions of the Standard Model, i.e. the Standard Model extended by a fourth fermion generation, a simple Higgs-singlet extension of the SM, and the Two-Higgs-Doublet Model. For these SM extensions, Pro-phecy4f supports different types of renormalization schemes based on MS, on-shell, or symmetry-inspired renormalization conditions and different variants thereof. This allows for important checks on the perturbative stability and, thus, reliability of predictions by estimating residual renormalization scale and renormalization scheme dependences.
In the past, state-of-the-art predictions for SM Higgs decay widths have been produced by the program HDECAY in tandem with Prophecy4f. With the new versions of the two programs, both supporting various common renormalization schemes, uniform predictions within the THDM and SESM become possible, which is an important step towards Higgs precision physics in models with extended Higgs sectors.
